Thermal storage and insulation properties of a diver dry suit incorporating phase change material are investigated. A complete model for the fabric, air-gap, skin system is developed. The numerical results show that the diver dry suit consisting of phase change material and conventional insulating materials provides significantly enhanced thermal protection under cold environmental conditions. A sensitivity analysis investigates how changes in the values of the thickness of air space affect the temperature distribution in the system.
Introduction
A phase change material (pcm) is a type of polymer substance with heatresistant capacities encapsulated in either microscopic or macroscopic balls. When a pcm reaches its melting point or crystallisation point it absorbs or releases large amounts of heat with small temperature variation.
Due to the high latent heat absorption or release that occurs upon the change of phase, an encapsulated pcm incorporated within textile fabric enhances the thermal protection during either hot or cold environmental conditions [3, 4, 7] . The use of pcm in clothing dates from the 1980s [4] . Nuckols [7] developed an analytical model to assess the thermal protection provided divers with pcm-enhanced dry suits. On the basis of Nuckols' work, Gear et al. [3] investigated the thermal storage and insulation properties of a multi-layered diver dry suit containing pcm. The model assumed a constant temperature at the boundary that was in contact with the skin. This assumption implies an infinite energy supply to the pcm-enhanced fabric. A bio-heat transfer model that incorporates heat flow through human skin is required.
This article reports the development of the bio-heat transfer model for evaluating the thermal performance of a diver dry suit enhanced with pcm. The model analyzes the heat transfer through human skin, an air-gap and a two C627 layer pcm-enhanced fabric. A finite difference scheme was used to obtain the numerical solution of the temperature distribution inside the fabric, air-gap, skin system. For comparison, we also calculate the temperature distribution in a system where no pcm is incorporated within the dry suit.
The mathematical model
As shown in Figure 1 , the geometry of the model consists of pcm-enhanced fabric, air-gap and skin. The pcm-enhanced fabric is composed of two layers, which are constructed from a micro-fibrous insulating material called Thinsulate 1 (outer layer) and Comfortemp foam enhanced with phase change material, C18 paraffin (octadecane), encapsulated in Thermosorb, 2 see formulation B by Nuckols [7] . These two layers are denoted by R 1 and R 2 .
In accordance with other skin models [1, 6, 8, 9] , the skin is assumed to consist of three layers with different physiological properties: the epidermis (outermost layer of skin), the dermis (intermediate layer), and the subcutaneous fatty layer. These three layers are denoted by R 4 , R 5 and R 6 . An air-gap (R 3 ) lies between fabric and skin. Due to the large surface area of each layer of the fabric, air-gap, skin system and its small thickness, a mathematical model for each layer is expressed as one-dimensional heat flow in a continuum.
Heat transfer model in fabric and air layer
The following standard one dimensional heat diffusion equation is used to describe the heat transfer in Thinsulate and air layers. Here T is temperature at time t, k is the thermal conductivity, ρ is the density and c is the specific heat.
For phase change problems the situation is slightly more complicated because of latent heat. For the phase change material considered here, the phase change occurs over a temperature range of about 1 • C and the thermal conductivities and specific heats vary only slightly with temperature over the range of temperatures considered (4-37
• C). The most significant feature which determines the thermal protection, or temperature control properties of the fabric, is the latent heat L [J.kg −1 ] (the jump in enthalpy at the phase change is ρL). The density in the phase change layer is almost completely dominated by Comfortemp foam which is relatively massive compared to micro-encapsulated pcm. Hence the density in the phase change layer is taken as constant [7] . Let T f be the fusion temperature and c s and c l be constant specific heats in the solid and liquid phases. The enthalpy H(T ) is defined by [5] 
where [a, b] denotes that H(T ) takes any value in the interval. The heat C629 
The thermal conductivity k(T ) is constant in each phase; that is,
where k s and k l are constant thermal conductivities in the solid and liquid phases.
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Heat transfer model in skin
The temperature distribution in the skin region is determined by the Pennes' bio-heat equation [2, 8, 9 , 10]
where ρ b and c b are the density and specific heat of blood, ω is the rate of blood perfusion, S is the rate of metabolic heat generation, and T b is the local arterial blood temperature. In general, T b is a function of the central blood pool temperature, the counter current heat exchange between arteries and veins, and body location [2] . Here we are unable to model the central blood pool temperature and the counter current heat exchange process so we assume T b is constant [8, 9] .
In view of the properties of the skin and subcutaneous tissue, the thermal conductivities in each region are assumed constant but vary between layers [9] and the rate of metabolic heat generation and the rate of blood perfusion are negligible in the epidermis, uniform in subcutaneous tissue, and vary linearly in the dermis [8, 9] . That is,
where x E and x D denote the distance from the base of epidermis and dermis to the outer surface of the clothing respectively, ω 0 and s 0 are maximum values of ω and S.
Boundary and initial conditions
Since a diver with the dry suit is immersed in water, radiant heat transfer is negligible at the outer surface. We assume Newton cooling at the water 
where P is the surface heat transfer coefficient and T amb is ambient temperature. During water immersion, the surface heat transfer coefficient P is many times greater than in air. Typical values of surface heat transfer coefficient, for icy water, range from 100 to 1000 W/m 2 / • K.
When analysing burn injury [1, 6] , it is usual to assume the the temperature at the base of the subcutaneous layer is maintained at the body's core temperature of 37 • C. This is applicable for short time duration events like flash burns. To investigate the thermal properties of a dry suit immersed in icy water for up to 60 minutes, a boundary condition that is applicable to a wider range of environmental conditions is needed. At the base of subcutaneous layer we apply the boundary condition
where h b is the heat transfer coefficient related to the convection process in the blood.
At all interior boundaries (x = X T , X P , X A , X E , X D ), temperature and heat flux (k ∂T/∂x) are continuous.
Assuming that the body is initially at equilibrium with its surroundings, a steady state solution is determined for the skin layers with skin temperature set to 34 • C. The initial temperature in the suit and air layer is assumed to be constant at 34
• C. The diver in a dry suit then spends five minutes in air at 15
• C (P = 20) before immersion in water at 4
• C (P = 600) for 60 minutes.
The parameters used in the numerical experiment are listed in Tables 1  to 3 
Numerical method
The governing equations, boundary conditions and initial conditions are integrated forward in time using finite differences. The Crank-Nicolson implicit scheme (unconditionally stable) is employed for Thinsulate, air-gap and skin layers. The thermal conductivity of air is very small relative to other regions and would impose a severe restriction of time step if an explicit scheme were employed.
The form of Equation (3) determines that an explicit finite difference scheme is applied to predict the temperature distribution in the pcm layer. We use a first order forward difference in time and conservative second order spatial differences [3] . The thermal conductivity k(T ), in the conservative scheme, is required at the mid-point of each grid cell. If the average temperature of adjacent grid points is greater than the fusion temperature, then k(T ) = k l otherwise k(T ) = k s . This averaging of adjacent temperatures to determine the conductivity and the conservative scheme ensures that the enthalpy, temperature and the flux of heat are all continuous across the phase change interface (the temperature gradient is discontinuous). The averaging of C634 adjacent grid points to determine the thermal conductivity is performed on all grid cells in the pcm layer. Hence no explicit knowledge of the position of the phase change interface is needed. Using the finite difference discretization of Equation (3) we integrate forward in time and determine the enthalpy (in the pcm layer) at the next time step. The temperature at the next time step is then determined uniquely from Equation (2).
The number of subintervals and grid spacing varies between each layer. This ensures that each layer contains appropriate numbers of nodal points to accurately determine temperature variation. In the Thinsulate and phase change layers 40 and 120 grid points are used. In the skin layers, (epidermis, dermis, subcutaneous), 4, 8 and 20 grid points are used. Two air-gap distances were considered, 0.3 and 1 mm with four and ten grid points used in each case. With 120 grid points in the pcm layer, stability of the explicit scheme requires the time step to be at most 0.01 secs. For 65 minutes 390, 000 time steps are performed. The large number of grid points in the pcm layer ensure a smoother solution where most of the variation occurs.
Results and discussions
The numerical simulations were implemented to evaluate the thermal performance of the diver dry suit fabricated with Thinsulate and pcm encapsulated in Thermosorb. Figure 2 (air-gap 0.3 mm) shows the temperature distribution of composite fabric, air-gap, skin system at one minute intervals for five minutes while the diver with dry suit is in air of 15 • C and for 60 minutes immersed in water at 4
• C. The horizontal axis shows the distance (not to scale) from the outer surface of the clothing. The temperature in the outer Thinsulate layer decreases rapidly. The decrease in temperature is delayed in the pcm layer due to the release of latent heat during solidification. The position of the phase change is indicated by the discontinuity in slope at the fusion temperature (T f ). Initially the phase change moves rapidly through the pcm layer. As steady state is approached the phase change speed decreases to zero. Notice that not all the phase change material has changed from liquid to solid phase. Figure 3 shows the temperature against time (for 65 minutes), at the mid-point of each layer and the skin surface when the air-gap is 0.3 mm. The temperature in the skin layers initially increases. As the suit is applied heat loss from the skin surface decreases and the inflowing heat from blood profusion and metabolic production increase the temperature, ultimately decreasing the inflow of heat from blood profusion as the temperature difference between the blood and tissue decrease. After five minutes the change from air to water immersion can be seen in the sudden change in temperature in the Thinsulate layer. At steady state the temperature in each layer approaches a constant value.
Finally we compared a two-layer composite (40% Thinsulate +60% pcm) with 100% Thinsulate of the same thickness. Figures 4 and 5 show the heat C636 flux at skin surface (x = X A ) and subcutaneous boundary (x = X S ) against time for both fabrics when the air-gap is 0.3 mm and 1 mm.
For the Thinsulate only dry suit (after immersion in water) the heat flux at the skin surface rapidly increases to its maximum. Within about two minutes heat is being lost at its maximum rate. Due to the heat stored in the pcm (as latent heat) the composite offers much greater thermal protection. Maximum heat loss is delayed for up to 25 minutes when the air-gap is 0.3 mm and for more than 30 minutes when the air-gap is 1 mm. Note that maximum heat loss from the composite is greater because the pcm encapsulated in Thermosorb has a greater thermal conductance than Thinsulate. The stepping in the heat flux for the composite is due to the phase change moving across grid-cells. This can also be seen in the temperature at the mid-point of the pcm layer (see Figure 3) . As the phase change moves across a cell the conductivity used in the conservative finite difference scheme changes from the liquid phase to solid phase value. This sudden change in conductivity causes the sudden jumps in temperature and heat flux which are more easily seen as the steady state is approached. Decreasing the grid spacing decreases the stepping distance without changing the overall results (still only a discrete approximation to the solution).
At the subcutaneous boundary (x = X S ), when the suit is initially applied, the heat flux is negative as heat flows into the body core due to the decrease in heat loss from the skin surface and the excess production of heat from blood profusion and metabolism. Consequently as the temperature in the skin increases less heat perfuses from the arteries into the dermis and subcutaneous layer. As the heat flux from the skin surface increases, due to heat loss from the fabric surface in cool air, the temperature gradient in the skin increases and heat flows from the core into the skin and we see a positive heat flux at the subcutaneous boundary. As the temperature in the skin adjusts more heat perfuses from the arteries, less is required from the body core and the heat flux at the subcutaneous boundary decreases. After immersion in icy water, increased heat loss from the fabric surface causes an increased flow of heat from the skin surface. Eventually (about 5 mins for the Thinsulate only fabric) this increase in heat loss from the skin surface causes an increase in heat flow from the core into the skin. In the composite fabric the release of latent heat due to phase change causes a larger and more sustained decrease in heat flux at the subcutaneous boundary.
The numerical results demonstrate that the diver dry suit incorporating microencapsulated phase change material provides enhanced thermal protection under cold environmental conditions. Figures 4 and 5 show that the size of the air-gap, between suit and skin, is also an important factor in determining the thermal protection of the dry suit.
